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ABSTRACT 

The  oxidation  behavior  of  hot-pressed  SisNi+^Oa  compounds  (princi¬ 
pally  Si3Y203N4,  N-melilite)  was  studied  in  air  between  700  C  and  1400  C. 
It  is  shown  that  carbon  impurity  strongly  influences  the  thermal  degrada¬ 
tion  of  these  compounds.  Oxidation  of  carbon -containing  materials  in  air 
at  1000  C  leads  to  high  weight  gains,  severe  cracking,  and  complete  de¬ 
struction  of  the  samples.  Nominally  carbon-free  materials  show  good  oxi¬ 
dation  resistance  without  cracking. 
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INTRODUCTION 


Although  Y203-doped  Si3N4  exhibits  improved  high  temperature  (>1300  C)  prop¬ 
erties  as  compared  with  MgO-doped  Si3N4,  it  was  found  that  severe  degradation  of 
the  Y203-doped  Si2N4  occurred  in  an  oxidizing  environment  at  intermediate  temper¬ 
atures  (>1000  C)  .  This  effect  was  shown1  to  be  related  to  the  existence  in  the 
material  of  certain  quaternary  compounds,  such  as  Si3Y203N4,  YSi02N,  Y10Si7O23N4, 
and  Y4Si207N2  (N-melilite,  K-,  H-,  and  J-phase,  respectively).  A  method  to  pre¬ 
vent  this  detrimental  problem  for  a  SiqN4  material  containing  13  wt%  Y2C>3  has 
recently  been  reported  by  Gazza  et  al.2  The  method  involved  post  heat  treatment 
of  specimens  in  a  nitriding  environment.  Further  studies  with  Si3N4’Y203  com¬ 
pounds  suggest  that  the  instability  of  these  compounds,  principally  Si3Y203N4,  in 
air  at  'vlOOO  C  is  greatly  influenced  by  the  presence  of  carbon  in  the  material. 
This  finding  is  significant  in  that  it  is  the  state-of-the-art  to  hot  press  Si3N4 
in  graphite  dies,  i.e.,  in  carbonaceous  atmospheres. 


EXPERIMENTAL 

Two  different  commercial  Si3N4  powders  were  used  for  producing  the 
Y203  compounds.  The  Si3N4  powder  obtained  from  Hermann  C.  Starck*  was  produced 
by  nitridation  of  silicon  while  powder  obtained  from  GTET  was  produced  by  a  vapor 
phase  process.  Both  powders  were  individually  mixed  with  Y203T  in  a  1:1  molar 
ratio,  then  ball  milled  in  ethanol  for  20  hours  using  polyethylene  containers 
and  tungsten  carbide  balls.  Chemical  analysis  of  the  milled  powder  showed  only 
0.8  wt%  tungsten  in  the  samples.  Therefore,  the  maximum  percent  carbon  intro¬ 
duced  by  milling  is  less  than  0.04%.  Two  additional  Si3N4  (GTE) *Y203  mixtures  were 
prepared  by  adding  2  wt%  graphite  powder  to  one  and  2  wt%  beta  SiC  powder  to  the 
other.  Table  1  shows  analyses  of  the  starting  materials  together  with  the  major 
impurities  in  the  Si3N4  powders. 

The  milled  and  dried  powders  were  hot  pressed  in  graphite  dies  for  90  minutes  „ 
at  1750  C  in  a  nitrogen  atmosphere  with  an  applied  pressure  of  30  MN/m2.  The 
resulting  disks  were  machined  into  test  bars  for  oxidation  measurements.  Some 
bars  were  cut  leaving  as-pressed  surfaces  on  opposite  faces,  while  all  faces  were 
ground  on  the  remainder  of  the  specimens. 

The  oxidation  behavior  was  studied  at  temperatures  between  700  C  and  1400  C 
in  air.  The  samples  rested  on  hot-pressed  SiC**  pedestals  with  sharp  edges. 

During  the  oxidation  treatment  the  samples  were  periodically  removed  from  the 
furnace  for  weight  gain  measurements  and  examination. 


*H.  C.  Starck,  Goslar,  West  Germany 
tGTE,  Towanda,  Pennsylvania 
fMolycorp,  White  Plains,  New  York 

** Norton  Company,  Worcester,  Massachusetts 

1*  LANGE,  F.  F.,  SINGHAL,  S.  C.,  and  KUZNICKI,  R.  C.  Phase  Relations  and  Stability  Studies  in  the  Si^N ^-SiO^Y 2® 3 
Pseudoternary  System .  J.  Amer.  Ceram.  Soc.,  v.  60,  no.  5-6,  1977,  p.  249-252. 

2.  GAZZA,  G.  E.,  KNOCH,  H.,  and  QUINN,  G.  D.  Hot-Pressed  Si^N^  with  Improved  Thermal  Stability.  Amer.  Ceram.  Soc.  Bull., 
v.  57,  no.  11,  1978,  p.  1059-1060. 
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RESULTS  AND  DISCUSSION 


X-ray  analysis  showed  each  of  the  four  hot-pressed  materials  to  be  principally 
Si3Y203N4  (N-melilite)  with  some  weak  traces  of  YSi02N  (K-phase)  present.  Table  2 
shows  the  X-ray  diffraction  data  obtained  together  with  those  reported  by 
Rae  et  al . 5  and  Lange  et  al .  **  for  this  particular  phase.  The  patterns  are  in 
good  agreement. 

Initial  oxidation  experiments  were  conducted  with  hot-pressed  Si3N4(GTE)- 
Y203  and  Si3N4 (Starck) *Y203  compounds  (material  B1  and  A,  from  Table  1).  Speci¬ 
mens  tested  had  two  as -cut  surfaces  and  two  surfaces  remaining  as -pressed. 

Visual  appearance  of  as-cut  test  specimens  after  oxidation  at  1000  C  in  air  was 
similar  to  that  shown  in  the  literature.1*5  However,  there  was  a  peculiarity  of 
the  oxidation  effect  on  the  B1  material.  Figure  la  shows  a  piece  of  sample  B1 
after  117  hours  in  air.  Only  the  surfaces  which  were  in  contact  with  the  graphite 
die  during  hot  pressing  seemed  to  be  affected  and  showed  signs  of  volume  expansion 
and  cracking.  This  result  suggests  that  some  reaction  layer  produced  during  hot 
pressing  at  the  surface  of  this  material  strongly  influences  its  oxidation  be¬ 
havior.  The  tests  were  repeated  with  A  and  B1  materials,  but  the  as-pressed  sur¬ 
faces  were  ground  off  prior  to  testing.  Specimens  of  material  A  still  exhibited 
severe  cracking  while  material  B1  remained  uncracked.  Figure  lb  shows  a  sample  of 
this  material  after  260  hours  at  1000  C  in  air . 

Since  only  unground,  as-pressed  surfaces  (which  are  most  susceptible  to 
graphite  die  reactions)  appear  to  severely  degrade  the  oxidation  resistance  of 
B1  material,  it  is  highly  probable  that  carbon  impurity  significantly  influences 


Table  1.  IMPURITY  CONCENTRATIONS  OF 
THE  STARTING  Si  3N4  POWDERS  BEFORE  MILLING 


Impurity 

Elements 

Si 3N4(Starck) 

A 

Si 3N4(GTE)* 

B1 

ppm  Al 

1800 

<30 

Fe 

700 

<10 

Ca 

1200 

<30 

Mg 

300 

<40 

Oxygen,  % 

1  .1 

2.6 

Carbon,  % 

0.6 

- 

Free 

Silicon,  % 

<2 

*B2  material  had  2  wt%  graphite  added 
to  base  composition 
B3  material  had  2  wt%  Si C  added  to 
base  composition 


Table  2.  OBSERVED  d  -  SPACINGS  TOGETHER 
WITH  THOSE  REPORTED  IN  THE  LITERATURE 

FOR  Si 3Y2O3N4 ,  N-MELILITE _ 


0 

d  (A) 

Rae  et  al . 3 

Lange  et  al . 4 5 

This  Study 

5.37 

5.37 

5.37 

4.91 

4.91 

4.92 

4.12 

_ 

4.13 

3.80 

- 

3.80 

3.62 

3.63 

3.62 

3.40 

3.39 

3.40 

3.00 

3.00 

3.01 

2,79 

2.80 

2.80 

2.69 

2.68 

2.69 

2.45 

2.46 

2.46 

2.40 

2.40 

2.40 

3.  RAE,  A.  W.  J.  M.,  THOMPSON,  D.  P.,  PIPKIN,  N.  J.,  and  JACK,  K.  H.  The  Structure  of  Yttrium  Silicon  Oxynitride  and  its  Role 
in  the  Hot-Pressing  of  Silicon  Nitride  with  Yttria  Additions  in  Special  Ceramics  6,  P.  Popper,  ed.,  British  Ceramic  Research 
Association,  Stoke-on-Trent,  England,  1975,  p.  347-360. 

4.  LANGE,  F.  F.,  SINGH  AL,  S.  C.,  and  KUZNICKI,  R.  C.  Phase  Relations  and  Stability  Studies  in  the  Si 3N 4-SiO  ?Y 2O  3  Pseudo- 
ternary  System.  Westinghouse  Technical  Report  6,  Contract  N00014-74-C-0284,  April  1,  1976. 

5.  RAE,  A.  W.  J.  M.,  THOMPSON,  D.  P.,  and  JACK,  K.  H.  The  Role  of  Additives  in  the  Densification  of  Nitrogen  Ceramics  in 
Ceramics  for  High  Performance  Applications  -  II,  J.  J.  Burke,  E.  M.  Lenoe,  and  R.  N.  Katz,  ed.,  Army  Materials  Technology 
Conference,  Newport,  Rhode  Island,  1977,  p.  1039-1067. 
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I 


Figure  1.  $i3N4(GTE)*Y203  compounds  after  exposure 
at  1000  C  in  air;  (a)  B1  material  showing  preferred 
oxidation  (white  layer)  at  hot-pressed  surfaces  after  117 
hours,  (b)  B1  material  after  grinding  and  260  hours 
exposure  time,  and  (c)  B3  material  (2  wt%  SiC)  after 
90  hours. 


^  2  mrn^  (c) 

the  oxidation  resistance  of  these  materials.  This  assumption  is  supported  by  the 
fact  that  Starck  Si3N4  contains  0.6  wt%  carbon,  Table  1,  and  material  A  always 
exhibits  cracking  at  1000  C.  In  contrast,  GTE  Si3N4  powder  is  essentially 
carbon-free . 


In  order  to  verify  the  apparent  influence  of  carbon  on  the  intermediate 
temperature  degradation  of  the  ¥303*8^^  compacts,  additional  samples  (using  GTE 
powder)  were  individually  doped  with  2  wt%  carbon  and  2  wt%  SiC,  samples  labelled 
B2  and  B3.  Specimens  were  machined  from  each  hot-pressed  compact.  All  surfaces 
were  ground.  After  annealing  at  1000  C  in  air,  all  carbon-containing  materials 
exhibited  severe  cracking.  Figure  lc  shows  a  piece  of  B3  material  after  90  hours 
at  1000  C. 

The  weight  gain  of  the  four  investigated  materials  as  a  function  of  oxidation 
time  at  1000  C  is  shown  in  Figure  2.  The  undoped  material  (Bl)  shows  good  oxida¬ 
tion  resistance  with  parabolic  kinetics.  No  cracking  was  observed.  In  contrast. 
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x  GTE  -  Si3N4  *  Y203  (Bl) 


100  200  300 


Figure  2.  Weight  gain  of  different  Si3N4*Y203  compounds  at 
1000  C  in  air  as  a  function  of  exposure  time. 


all  carbon -containing  materials  exhibited  highly  unstable  behavior.  The  weight 
gains  were  approximately  two  orders  of  magnitude  higher  than  with  the  undoped 
specimens,  and  severe  cracking  occurred  after  only  short  annealing  times.  The 
weight  gain  of  these  materials  is  based  on  the  surface  area  of  samples  prior  to 
testing.  Since  during  oxidation  new  surface  area  is  produced  by  cracking,  the 
data  in  the  figure  should  be  considered  only  as  apparent  oxidation  kinetics  data. 
The  carbon-containing  material  (B2)  initially  showed  a  slight  weight  loss,  probably 
due  to  oxidation  of  unreacted  graphite  particles  in  the  sample. 

Figure  3  shows  the  integrated  weight  gain  of  A,  Bl,  and  B2  materials  as  a 
function  of  temperature.  Holding  time  at  each  temperature  was  24  hours.  Measur¬ 
able  weight  gain  is  noted  as  low  as  800  C  for  the  carbon-doped  materials,  and  the 
reaction  is  most  severe  between  900  and  1100  C.  Again,  the  carbon-free  material 
(Bl)  exhibits  much  superior  oxidation  resistance.  These  results  clearly  indicate 
the  highly  deleterious  effect  of  carbon  impurity  on  the  thermal  degradation  of 
hot-pressed  Si3N4*Y203  compounds,  which  are  principally  N-melilite. 
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400 


x  Starck  -  Si^N^  •  Y2°3  <A) 


Figure  3.  Integrated  weight  gain  of  three  compounds  as  a  function  of 

temperature.  Holding  time  at  each  data  point  24  hours. 


The  significance  of  these  results  may  be  considered  from  various  aspects  of 
Si 3N4  processing  technology.  First,  it  is  the  state-of-the-art  to  hot  press 
Si3N4  in  graphite  dies.  Reactions  between  the  hot-pressed  compound  and  graphite 
occur  which  may  alter  material  properties,  particularly  for  the  Si3N4-Y203 
system.  Also,  prior  to  hot  pressing,  milling  with  media  such  as  WC  can  introduce 
considerable  carbide  impurity  into  the  starting  powder  when  large  numbers  of  WC 
balls  are  used  for  long  milling  times.  Although  significant  quantities  of  WC 
were  not  intentionally  added  into  the  starting  powder  in  this  study,  WC  will 
form  WSi2  at  high  hot-pressing  temperatures  thereby  introducing  carbon  into  the 
system. 

As  recently  shown  by  Lou  et  al.,®  commercial  hot-pressed  Si3N4  contains  a 
rather  high  ammount  of  carbide  phases.  Starting  powders  of  Si3N4  produced  by  the 
nitridation  of  silicon  may  contain  carbon  as  a  process  impurity,  whereas  powders 
produced  by  vapor  phase  reactions,  e.g.,  SiCl4  +  NH3,  will  be  essentially 
carbon-free . 

It  is  apparent  that  there  is  a  significant  effect  of  carbon  on  the  crystal 
chemistry  and  phase  equilibria  in  the  Si-Y-N-0  system.  The  role  of  carbon  in 

6.  LOU,  L.  K.  V.,  MITCHELL,  T.  E„  and  HEUER,  A.  H.  Impurity  Phases  in  Hot-Pressed  Si3N4.  J.  Amer.  Ceram.  Soc.,  v.  61, 
no.  9-10,  1978,  p.  392-396. 
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this  system  is  essentially  unknown.  Using  the  simple  method  of  weight  gain 
measurements  in  air  it  has  been  demonstrated  that  the  addition  of  small  amounts 
of  carbon  to  Y2C>3*Si3N4  compounds  changes  their  behavior  in  air  from  "stable"  to 
"unstable . " 

The  necessity  to  further  define  the  role  of  carbon  in  the  Si-Y-N-0  system 
has  been  demonstrated.  Better  understanding  of  its  behavior  may  have  an  important 
influence  on  the  development  of  high-strength,  high-temperature  nitrogen  ceramics. 
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Commander,  U.S.  Army  Research  and  Development  Office,  Chief 
Research  and  Development,  Washington,  D.C.  20315 
1  ATTN:  Physical  and  Engineering  Sciences  Division 

Commander,  Army  Research  Office,  P.0.  Box  12211,  Research 
Triangle  Park,  North  Carolina  27709 
1  ATTN:  Information  Processing  Office 
1  Dr.  G.  Mayer 

1  Dr.  J.  Hurt 

Commander,  U.S.  Army  Materiel  Development  and  Readiness 
Command,  5001  Eisenhower  Avenue,  Alexandria,  Virginia  22333 
1  ATTN:  DRCDMD-ST 

1  DRCLDC,  Mr.  R.  Zentner 

Commander,  U.S.  Army  Electronics  Research  and  Development 
Command,  Fort  Monmouth,  New  Jersey  07703 
1  ATTN:  DELSD-L 

Commander,  U.S.  Army  Materiel  Systems  Analysis  Activity, 
Aberdeen  Proving  Ground,  Maryland  21005 
1  ATTN:  DRXSY-MP,  H.  Cohen 

Commander,  U.S.  Army  Night  Vision  Electro-Optics  Laboratory, 
Fort  Bel  voir,  Virginia  22060 
1  ATTN:  DELNV-S,  Mr.  P.  Travesky 
1  DELNV-L-D,  Dr.  R.  Buser 

Commander,  Harry  Diamond  Laboratories,  2800  Powder  Mill  Road, 
Adel  phi,  Maryland  20783 
1  ATTN:  Mr.  A.  Benderly 
1  Technical  Information  Office 

1  DELHD-RAE 

Commander,  U.S.  Army  Missile  Research  and  Development 
Coimiand,  Redstone  Arsenal,  Alabama  35809 
1  ATTN:  Mr.  P.  Ormsby 
1  Technical  Library 

1  DRDMI-T8,  Redstone  Scientific  Information  Center 

Commander,  U.S.  Army  Aviation  Research  and  Development 
Command,  P.0.  Box  209,  St.  Louis,  Missouri  63166 
1  ATTN:  DR DA V- EXT 
1  DRDAV-QE 

1  Technical  Library 

Cormander,  U.S.  Army  Natick  Research  and  Development 
Command,  Natick,  Massachusetts  01760 
1  ATTN:  Technical  Library 
1  Dr,  J.  Hanson 

Commander,  U.S.  Army  Satellite  Communications  Agency, 

Fort  Monmouth,  New  Jersey  07703 
1  ATTN:  Technical  Document  Center 

Commander,  U.S.  Army  Tank-Automotive  Research  and 
Development  Command,  Warren,  Michigan  48090 
1  ATTN:  Dr.  W.  Bryzik 

1  Mr.  E.  Hamperian 

1  D.  Rose 

1  DRDTA-RKA,  Dr.  J.  Chevalier 

1  DRDTA-UL,  Technical  Library 

1  DRDTA-R 

Commander,  U.S.  Army  Armament  Research  and  Development 
Command,  Dover,  New  Jersey  07801 
1  ATTN:  Mr.  J.  Lannon 

1  Dr.  G.  Vezzoli 

1  Mr.  A.  Graf 

1  Mr.  Harry  E.  Pebly,  Jr.,  PLASTEC,  Director 

1  Technical  Library 

Commander,  U.S.  Army  Armament  Materiel  Readiness  Cornmand, 
Rock  Island,  Illinois  61299 
1  ATTN:  Technical  Library 

Cormander,  Aberdeen  Proving  Ground,  Maryland  21005 
1  ATTN:  DRDAR-CLB-PS,  Mr.  J.  Vervier 


No.  of 

Copies_ To  

Commander,  U.S.  Army  Mobility  Equipment  Research  and 
Development  Command,  Fort  Belvoir,  Virginia  22060 
1  ATTN:  DRDME-EM,  Mr.  W.  McGovern 
1  DRDME-V,  Mr.  E.  York 

1  DRDME-X,  Mr.  H.  J.  Petors 

Director,  U.S.  Army  Ballistic  Research  Laboratory, 

Aberdeen  Proving  Ground,  Maryland  21005 
1  ATTN:  DRDAR-TSB-S  (ST INFO) 

Commander,  Rock  Island  Arsenal,  Rock  Island,  Illinois  61299 
1  ATTN:  SARRI-EN 

Commander,  U.S.  Army  Test  and  Evaluation  Command,  Aberdeen 
Proving  Ground,  Maryland  21005 
1  ATTN:  DRSTE-ME 

Commander,  U.S.  Army  Foreign  Science  and  Technology  Center, 

220  7th  Street,  N.E.,  Charlottesville,  Virginia  22901 
1  ATTN:  Military  Tech,  Mr.  W.  Marley 

Chief,  Benet  Weapons  Laboratory,  LCWSL,  USA  ARRADCOM, 
Watervliet,  New  York  12189 
1  ATTN:  DRDAR-LCB-TL 

Commander,  Watervliet  Arsenal,  Watervliet,  New  York  '12189 
1  ATTN:  Dr.  T.  Davidson 

Director,  Eustis  Directorate,  U.S. ‘Army  Mobility  Research 
and  Development  Laboratory,  Fort  Eustis,  Virginia  23604 
1  ATTN:  Mr.  J.  Robinson,  SAVDL-E-MOS  (AVRADCOM) 

1  Mr.  C.  Walker 

Commander,  U.S.  Army  Engineer  Waterways  Experiment  Station, 
Vicksburg,  Mississippi  39180 
1  ATTN:  Research  Center  Library 

Project. Manager,  Munitions  Production  Base,  Modernization 
and  Expansion,  Dover,  New  Jersey  07801 
1  ATTN:  DRCPM-PBM-P 

Technical  Director,  Human  Engineering  Laboratories, 

Aberdeen  Proving  Ground,  Maryland  21005 
1  ATTN:  Technical  Reports  Office 

Chief  of  Naval  Research,  Arlington,  Virginia  22217 
1  ATTN:  Code  471 
1  Dr.  A.  Diness 

1  Dr.  R.  Pohanka 

Naval  Research  Laboratory,  Washington,  D.C.  20375 
1  ATTN:  Dr.  J.  M.  Krafft  -  Code  8430 
1  Mr.  R.  Rice 

1  Dr.  Jim  C.  I.  Chang 

Headquarters,  Naval  Air  Systems  Command, 

Washington,  D.C.  20360 
1  ATTN:  Code  5203 
1  Code  MAT-042M 

1  Mr.  C.  F.  Bersch 

1  Mr.  I.  Machlin 

Headquarters,  Naval  Sea  Systems  Command,  1941  Jefferson 
Davis  Highway,  Arlington,  Virginia  22376 
1  ATTN:  Code  035 

Headquarters,  Naval  Electronics  Systems  Command, 

Washington,  D.C.  20360 
1  ATTN:  Code  504 

Commander,  Naval  Ordnance  Station,  Louisville, 

Kentucky  40214 
1  ATTN:  Code  85 

Commander,  Naval  Material  Industrial  Resources  Office, 
Building  537-2,  Philadelphia  Naval  Base,  Philadelphia, 
Pennsylvania  19112 
1  ATTN:  Technical  Director 

Commander,  Naval  Weapons  Center,  China  Lake, 

California  93555 
1  ATTN:  Mr.  F.  Markarian 
1  Mr.  E.  Teppo 

1  Mr.  M.  Ritchie 

Cormander,  U.S.  Air  Force  of  Scientific  Research, 

Building  410,  Bolling  Air  Force  Base,  Washington,  D.C.  20332 
1  ATTN:  MAJ  W.  Simmons 

Cormander,  U.S.  Air  Force  Materials  Laboratory,  Wright- 
Patterson  Air  Force  Base,  Ohio  45433 
1  ATTN:  Dr.  N.  Tallan 

1  Dr.  H.  Graham 

1  Dr.  R.  Ruh 

1  Mr.  K.  S.  Mazdiyasni 

1  Aero  Propulsion  Labs,  Mr.  R.  Marsh 

Commander,  Air  Force  Weapons  Laboratory,  Kirtland  Air  Force 
Base,  Albuquerque,  New  Mexico  87115 
1  ATTN:  Dr.  R.  Rudder 

Commander,  Air  Force  Armament  Center,  Eglin  Air  Force  Base, 
Florida  32542 
1  ATTN:  Technical  Library 
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To 
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To _  Copies 


National  Aeronautics  and  Space  Administration, 

Washington,  D.C.  20546 

1  ATTN:  Mr.  G.  C.  Deutsch  -  Code  RW  1 

1  Mr.  J.  Gangler  1 

1  AFSS-AD,  Office  of  Scientific  and  Technical  Information 

National  Aeronautics  and  Space  Administration,  Lewis  Research 
Center,  21000  Brookpark  Road,  Cleveland,  Ohio  44135  1 

1  ATTN:  J.  Accurio,  USAMRDL 
1  Dr.  H.  B.  Probst,  MS  49-1 

1  Dr.  R.  Ashbrook 

1  Dr.  S,  Dutta  ' 

1  Mr.  C.  Blankenship  ■ 


National  Aeronautics  and  Space  Administration,  Langley 
Research  Center,  Hampton,  Virginia  23665 
1  ATTN:  Mr.  J.  Buckley,  Mail  Stop  387 

Commander,  White  Sands  Missile  Range,  Electronic  Warfare 
Laboratory,  OMEW,  ERADCOM,  White  Sands,  New  Mexico  88002 
1  ATTN:  Mr.  Thomas  Reader,  DRSEL-WLM-ME- 

Department  of  Energy,  Division  of  Transportation, 

20  Massachusetts  Avenue,  N.W.,  Washington,  D.C.  20545 
1  ATTN:  Mr.  George  Thur  (TEC) 

I  Mr.  Robert  Schulz  (TEC) 

1  Mr.  John  Neal  (CLNRT) 

1  *  Mr.  Steve  Wander  (Fossil  Fuels) 

Department  of  Transportation,  400  Seventh  Street,  S.W., 
Washington,  D.C.  20590 
1  ATTN:  Mr.  M.  Lauriente 

1  Mechanical  Properties  Data  Center,  Bel  four  Stulen  Inc., 
13917  W.  Bay  Shore  Drive,  Traverse  City,  Michigan  49684 


National  Bureau  of  Standards,  Gaithersburgh,  Maryland  20760  l 

1  ATTN:  Dr.  S.  Wiederhorn 

1  Dr.  J.  B.  Wachtman 

National  Research  Council,  National  Materials  Advisory  l 

Board,  2101  Constitution  Avenue,  Washington,  D.C.  20418 

1  ATTN:  Dr.  W.  Prlndle 

1  0.  Groves  ' 

1  R.  M.  Spriggs  * 


National  Science  Foundation,  Washington,  D.C.  20550 
1  ATTN:  B.  A.  Wilcox 


Admiralty  Materials  Technology  Establishment,  Pol  1 e ,  Dorset  1 

BH16  6JU,  United  Kingdom  ] 

1  ATTN:  Dr.  D.  Godfrey  1 

1  Dr.  M.  Lindley  1 

Ai Research  Manufacturing  Company,  Ai Research  Casting  Company,  ^ 

2525  West  190th  Street,  Torrance,  California  90505 
1  ATTN:  Mr.  K.  Styhr  ] 

AiResearch  Manufacturing  Company,  Materials  Engineering  Dept., 

Ill  South  34th  Street,  P.0.  Box  5217,  Phoenix,  Arizona  85010  1 

1  ATTN:  Mr.  D.  W.  Richerson,  MS  93-393/503-44 

AVC0  Corporation,  Applied  Technology  Division,  Lowell 
Industrial  Park,  Lowell,  Massachusetts  01887  i 

1  ATTN:  Dr.  T.  Vasilos 

Carborundum  Company,  Research  and  Development  Division, 

P.0.  Box  1054,  Niagara  Falls,  New  York  14302  ] 

1  ATTN:  Dr.  0.  A.  Coppola 

Case  Western  Reserve  University,  Department  of  Metallurgy, 

Cleveland,  Ohio  44106  1 

1  ATTN:  Prof.  A.  H.  Heuer  ] 


Cummins  Engine  Company,  Colunbus,  Indiana  47201 
1  ATTN:  Mr.  R.  Kamo 

Defence  Research  Establishment  Pacific,  FM0,  Victoria,  B.C.,  ^ 

VOS  I B0 ,  Canada 
1  ATTN:  R.  D.  Barer 

Deposits  and  Composites,  Inc.,  1821  Michael  Faraday  Drive, 

Res ton,  Virginia  22090  ' 

1  ATTN:  Mr.  R.  E.  Engdahl 

Electric  Power  Research  Institute,  P.0.  Box  10412, 

3412  Hi  11  view  Avenue,  Palo  Alto,  California  94304  ^ 

1  ATTN:  Dr.  A.  Cohn  1 

European  Research  Office,  223  Old  Maryleborne  Road,  London, 

NW1  -  5th,  England 

1  ATTN:  Dr.  R.  Quattrone  1 

1  LT  COL  James  Kennedy 

Ford  Motor  Company,  Turbine  Research  Department, 

20000  Rotunda  Drive,  Dearborn,  Michigan  48121  l 

1  ATTN:  Mr.  A.  F.  McLean 

1  fir.  E.  A.  Fisher 

1  Mr.  J.  A.  Mangels 

General  Electric  Company,  Research  and  Development  Center, 

Box  8,  Schenectady,  New  York  12345 

1  ATTN:  Dr.  R.  J.  Charles  1 

1  Dr.  C.  D.  Greskovich  1 

1  Dr.  S.  Prochazka 

General  Motors  Corporation,  AC  Spark  Plug  Division,  Flint, 

Michigan  48556  ! 

1  ATTN:  Dr.  M.  Berg  ! 

Georgia  Institute  of  Technology,  EES,  Atlanta,  Georgia  30332 
1  ATTN:  Mr.  J.  D.  Walton 


GTE  Syl vania,  Waltham  Research  Center,  40  Syl vania  Road, 
Waltham,  Massachusetts  02154 
ATTN:  Dr.  C.  Quackenbush 
Dr.  W.  H.  Rhodes 

I IT  Research  Institute,  10  West  35th  Street, 

Chicago,  Illinois  60616 

ATTN:  Mr.  S.  Bortz,  Director,  Ceramics  Research 

Institute  fur  Werkstoff-Forshung,  DFVLR,  505  Porz-Wahn, 

Linder  Hohe,  Germany 
ATTN:  Dr.  W.  Bunk 
Dr.  H.  Knoch 

International  Harvester,  Solar  Division,  2200  Pacific  Highway, 
P.0.  Box  80966,  San  Diego,  California  92138 
ATTN:  Dr,  A.  Metcalfe 
Ms.  M.  E.  Gulden 

Kawecki  Berylco  Industries,  Inc.,  P.0.  Box  1462, 

Reading,  Pennsylvania  19603 
ATTN:  Mr.  R.  J.  Longenecker 

Martin  Marietta  Laboratories,  1450  South  Rolling  Road, 
Baltimore,  Maryland  21227 
ATTN:  Dr.  J.  Venables 

Massachusetts  Institute  of  Technology,  Department  of 
Metallurgy  and  Materials  Science,  Cambridge, 

Massachusetts  02139 
ATTN:  Prof.  R.  L.  Coble 

Prof.  H,  K.  Bowen 

Prof.  W.  D.  Kingery 

Materials  Research  Laboratories ,  P.0,  Box  50,  Ascot  Vale, 

VIC  3032,  Australia 
ATTN:  Dr.  C.  W.  Weaver 

Midwest  Research  Institute,  425  Volker  Boulevard, 

Kansas  City,  Missouri  64110 

ATTN:  Mr.  Gordon  W.  Gross,  Head,  Physics  Station 

Norton  Company,  Worcester,  Massachusetts  01606 
ATTN:  Dr.  N.  Ault 

Dr.  M.  L.  Torti 

Pennsylvania  State  University,  Materials  Research  Laboratory, 
Materials  Science  Department,  University  Park, 

Pennsylvania  16802 
ATTN:  Prof.  R.  Roy 

Prof.  R.  E.  Newnham 

Prof.  R.  E.  Tressler 

Prof.  R.  Bradt 
Prof.  V.  S.  Stubican 

PSC,  Box  1044,  AP0  San  Francisco  96328 
ATTN:  MAJ  A.  Anthony  Borges 

RIAS,  Division  of  the  Martin  Company,  Baltimore,  Maryland 
ATTN:  Dr.  A.  R.  C.  Westwood 

Royal  Aircraft  Establishment,  Materials  Department, 

R  178  Building,  Farnborough,  Hants,  England 
ATTN:  Dr.  N.  Corney 

Shane  Associates,  Inc.,  7821  Carrleigh  Parkway, 

Springfield,  Virginia  22152 
ATTN:  Dr.  Robert  S.  Shane,  Consultant 

Stanford  Research  International,  333  Ravenswood  Avenue, 

Menlo  Park,  California  94025 
ATTN:  Dr.  P.  Jorgensen 
Dr.  D.  Rowel  iff e 

State  University  of  New  York  at  Stony  Brook,  Department  of 
Materials  Science,  Long  Island,  New  York  1790 
ATTN:  Prof.  Franklin  F.  Y.  Wang 

United  Technologies  Research  Center,  East  Hartford, 

Connecticut  06108 
ATTN:  Dr.  J.  Brennan 
Dr.  F.  Galasso 

University  of  California,  Lawrence  Livermore  Laboratory, 

P.0.  Box  808,  Livermore,  California  94550 
ATTN:  Mr.  R.  Landingham 
Dr.  C.  F.  Cline 

University  of  Florida,  Department  of  Materials  Science  and 
Engineering,  Gainesville,  Florida  32601 
ATTN:  Dr.  L.  Bench 

University  of  Newcastle  Upon  Tyne,  Department  of  Metallurgy 
and  Engineering  Materials,  Newcastle  Upon  Tyne,  NEI  7  RU, 
England 

ATTN:  Prof.  K.  H.  Jack 

University  of  Utah,  College  of  Engineering,  Division  of 
Materials  Science  and  Engineering,  Salt  Lake  City,  Utah  84112 
ATTN:  Prof.  I.  B.  Cutler 

University  of  Washington,  Ceramic  Engineering  Division,  FB-10, 
Seattle,  Washington  98195 
ATTN:  Prof.  James  I,  Mueller 
Prof.  A.  E.  Gorum 

Westinghouse  Electric  Corporation,  Research  Laboratories, 
Pittsburgh,  Pennsylvania  15235 
ATTN:  Dr.  R.  J.  Bratton 
Dr.  B.  Rossing 

Director,  Army  Materials  and  Mechanics  Research  Center, 
Watertown,  Massachusetts  02172 
ATTN:  DRXMR-PL 

1  DRXMR-WD 

2  Authors 
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